Proper selection of appropriate treatment processes for surface water supplies is a function of raw water quality including particles and natural organic matter (NOM). This paper presents an updated foundation for process selection based on routinely measured parameters of particles 
INTRODUCTION
Achieving finished drinking water quality that meets standards has typically been feasible through conventional treatment of coagulation, flocculation, sedimentation, granular media filtration and disinfection for a wide range of raw water qualities. New standards and goals that focus on reducing disinfection by-products and on reducing exposure to pathogens in drinking water are requiring water utilities to provide improved treatment. Many utilities will be required to upgrade existing processes in order to meet these new requirements and will need to select treatment processes that will provide optimum treatment based on their raw water quality parameters.
Proper selection of appropriate treatment processes for surface water supplies is a function of raw water quality including particles and organic content. Identification of appropriate processes for treatment of a specific water supply is important to be made early in the planning process as it can save time and reduce project costs. Furthermore, selection of the most appropriate process is critical to achieving consistent high quality finished water. Poor process selection can cause a utility to waste significant capital and operating costs. Therefore, a practical approach to process selection is warranted. Janssens & Buekens (1993) presented an approach based on raw water turbidity and chlorophyll a for preliminary assessment and selection of appropriate processes for removal of particles and algae as shown in Figure 1 . Sedimentation, dissolved air flotation and singlestage direct filtration, all widely used treatment processes, were included in their analysis. The less common process of two-stage direct filtration was also included in their assessment. The recommendations they set forth in Figure 1 doi: 10.2166/aqua.2009.201 for treatment process selection were based on the authors' experience and their scientific and operational knowledge of drinking water treatment. Janssens & Buekens' paper was an important contribution that aided process selection. However, the figure and their guidelines have some limitations. First, the only measured parameter for natural organic matter (NOM) is chlorophyll a for algae. This only accounts for particulate NOM (algae), which for many water supplies is low compared to the dissolved NOM. Also, it is not a routinely measured parameter for most water utilities. Second, they do not distinguish mineral turbidity (clays, silts) from non-mineral turbidity (e.g. algae). Finally, their guidelines do not consider total organic carbon (TOC). This paper presents an updated foundation for process selection based on more routinely measured parameters of particles (turbidity) and organic matter content (UV 254 , color and TOC). The distinction between mineral and non-mineral turbidity is addressed. Plant types considered include direct filtration, conventional sedimentation, dissolved air flotation (DAF) and contact clarification. A brief description of each process is provided below.
Direct filtration
Direct filtration does not contain a clarification process but does require coagulant addition to destabilize particles and to remove a small amount of TOC. In some cases, flocculation is not provided (termed contact or in-line filtration). When flocculation is used, the detention time is typically 10 -15 min compared to 30 min for a conventional sedimentation plant. In direct filtration plants particle removal occurs only in the filters, which typically consist of dual media with filter loading rates of 10-15 m/h. In some installations deep bed mono-or dual-media filters (anthracite) or filter adsorbers (e.g. granular activated carbon (GAC)) have been used also at filter rates of 10-20 m/h.
Conventional and high rate sedimentation
A conventional sedimentation plant is one that consists of coagulant addition followed by flocculation, large rectangular or circular sedimentation basins, and rapid media filters.
Note that high rate plate and tube sedimentation processes are also considered in this paper. Coagulant is needed to destabilize particles and to provide metal hydroxide floc for adsorption or co-precipitation of NOM. Since new particles are formed by precipitation, chemical coagulation dosing and pH conditions must be carried out such that these particles are destabilized.
Flocculation (slow mixing) is needed to promote particle growth through particle -particle contacts. The goal of flocculation in a conventional treatment plant is to make "settleable" floc, i.e. floc that will readily be removed 
Contact clarification
In this paper, contact clarification is a category used for a variety of processes that includes sludge-blanket clarification, ballasted-sand clarification and contact adsorption clarification. Although each of these specific processes is different from a mechanical perspective, they all work by enhancing particle removal via particle -particle or particle-media contacts.
METHODS
As mentioned above, the selection of the proper treatment plant is a function of raw water quality, finished water goals, and coagulant dose and type. The Water:\Stats database included data for the following parameters: turbidity, TOC, DOC, color, UV254, pH, alkalinity and hardness. Utilities contacted directly were requested to provide average and maximum water quality data for the previous three years for these same parameters. While the additional parameters beyond turbidity represent a more limited set of data compared to turbidity, because fewer utilities make regular measurements of these parameters, they are essential to determining the proper treatment process selection. Additionally, the utilities were queried regarding the type of clarification process utilized, the age of the treatment plant, whether any oxidant is used, the average and maximum coagulant dosages over the three year period, the trophic state of the source water and whether algae are a recurrent problem.
These latter data are not included in Water:\Stats.
Data were grouped by plant type into four categories: settling, DAF, direct filtration and contact clarification. As noted above, contact clarification includes sludge-blanket clarification, ballasted-sand clarification and upflow-filtration through plastic media (sometimes called adsorption clarification).
All source water data were evaluated for average and maximum turbidity conditions against average and maximum organic content (i.e. TOC), as well as surrogate organic measurements of UV 254 and true color. The data in Figures 2 and 3 show that settling plants are used to treat a wide range of water quality-from supplies that are low in turbidity and TOC to those containing high levels of turbidity and/or TOC. Conventional settling was often the only clarification process considered by utilities in the USA prior to the 1990s; hence, most plants built in the USA before 1990 utilize conventional sedimentation. However, the authors of this paper believe that, although sedimentation can be effectively utilized for a wide range of raw water qualities, it is not necessarily the best treatment process for all water qualities. This premise is expanded on below. Plots that focus on direct filtration, DAF and solids contact clarification were developed. The figures were evaluated to ascertain the limits of the raw water quality parameters for which the different treatment processes have been used in practice. Based on the assumption that sedimentation has been used historically for a wide range of water qualities and potentially misapplied to some water qualities, data for conventional settling were not included in plots provided hereafter in order to provide clarity. It should be noted that some data points for a specific treatment type appeared to be outliers. In these cases, the authors contacted the water utility to verify the effectiveness of the treatment process under the extreme water quality event. For cases when a utility reported the treatment process had difficulty achieving the required finished water quality goals at the desired plant flow rate, the data were removed from the figures.
RESULTS AND DISCUSSION
For over a hundred years, sedimentation has been used widely as the primary means for clarification of drinking water with a broad range of source water qualities. In the last 40 years, other plant types have been used for particular source water qualities. Table 1 shows the range of ages, as well as the average age, for the treatment plants that are included in this analysis. We were able to obtain the ages of about 25% of the 400 treatment plants: however, we believe the distribution of data in Table 1 Note that plants with age of 0 are currently under construction.
Turbidity and TOC
The collected data were analyzed in detail for each plant A plot of maximum turbidity vs. maximum TOC levels is presented in Figure 5 . The data show a similar trend to that noted above-direct filtration plants are used to treat the highest quality source water, followed by DAF and then solids contact clarification. The maximum turbidity for a solids contact clarifier was 2,000 ntu (not shown). The maximum turbidity value for DAF was 100 ntu. Although the DAF process can operate at this raw water turbidity level for some time, it would require higher recycle rates for sufficient bubbles to lower floc density or, if typical recycle rates of about 10% are used, then the clarified turbidity would increase, causing higher particle loading on the filters and more frequent backwashing. Although DAF is typically not suited for high mineral turbidity levels, if the turbidity is caused by organic constituents (e.g. algae), then DAF may be a suitable process as mentioned above. Similarly, the maximum turbidity level for direct filtration in this survey was approximately 90 ntu, which is also not sustainable for an extended period of time. Note that maximum turbidity data for settling plants ranged up to 2,700 ntu (not shown in Figure 5 , shown in Figure 3 ).
Turbidity and color
Average source water turbidity versus average color data are plotted in Figure 6 . All color data reported herein are true color. Not surprisingly, the color data reveal similar findings to the turbidity and TOC data, with an upper turbidity limit of 3 ntu and 10 ntu for direct filtration and DAF, respect- 
RECOMMENDED GUIDELINES
Recommended guidelines for process selection as a function of raw water TOC, color and turbidity are presented in 4. Conventional settling plants can handle the highest raw water turbidity levels. They are most suited for supplies with average raw water turbidities greater than 10 ntu.
Where conventional settling is used on supplies with low turbidity and low TOC, an increase in metal salt coagulant dose is sometimes needed to make enough floc for the clarification process to be effective. When polyelectrolytes or low metal salt coagulant doses are used in a conventional plant, the process tends to perform in a direct filtration mode.
CONCLUSIONS
The paper by Janssens & Buekens (1993) provided treatment plant selection guidelines with respect to raw water quality but was limited to raw water turbidity and chlorophyll a.
In this paper we extended the evaluation of raw water 
